CHAPTER 9

RELI ABI LI TY GROMH

INTRODUCTION

Initial prototype nodels of conplex weapon systems will invariably have inher-
ent reliability and performance deficiencies that generally could not have
been foreseen and elimnated in early design stages. To uncover and elimnate
these deficiencies, we subject these early prototypes and later nore mature
model s to a series of devel opnent and operational tests. These tests have
been specifically planned to stress the system conponents to predeterm ned
realistic levels at which inadequate design features will surface as system
failures. These failures are analyzed, design nodifications incorporated, and
then the nodified systemis tested to verify the validity of the design
change.

This testing philosophy utilizes the test-analyze-fix-test (TAFT) procedure as
the basic catalyst in achieving systemreliability growth. The ultimte goal
of a reliability growh program and, ideed, the entire test program is to

i ncrease systemreliability to stated requirenment levels by elimnating a
suf ficient nunber of inherent systemfailure nodes.

A successful system reliability growth programis dependent on several

factors. First, an accurate determ nation nmust be nmade of the current system
reliability status. Second, a test program nust be planned which subjects the
systemto test exposure and stress levels adequate to uncover inherent failure
model s and to verify design nodifications. Third, the program manager nust

address the availability of test schedule and resource required to support the
“TAFT” procedure.

To adequately control the above and other factors inherent in the reliability
growth process, it is inportant to track reliability growth throughout the
testing program  This is acconplished by periodically assessing systemreli-
ability (e.g., at the end of every test phase) and conparing the current reli-
ability to the planned | evel of achievenent for that point in time. These
assessnments provide the necessary data and visibility to support necessary
corrective nmanagenent initiatives.

The follow ng paragraphs present the analytical tools required to plan a
reliability growth program and those useful in tracking the actual growth of a
system during consecutive test phases.

RELIABILITY GROATH CONCEPTS

| deal i zed Growth

For a system under developnent, reliability generally increases rapidly early
on and at a much slower rate towards the end of developnent. It is useful at
t he beginning of a devel opnent programto depict the growh in reliability as
a snooth curve which rises at slower and slower rates as tinme progresses.
This curve, known as the idealized growth curve, does not necessarily convey
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precisely how the reliability will actually grow during devel opnment. Its
purpose is to present a prelimnary view as to how a program should be pro-
gressing in order for the final reliability requirements to be realized. The
model for the idealized curve is the Duane G owh Mdel, the primary feature
of which is the every decreasing rate of growh as testing progresses.

The devel opnment testing programw | usually consist of several nmjor test
phases. Wthin each test phase, the testing may be conducted according to a
program whi ch incorporates fixes or design changes while testing is in pro-
cess, at the end of the test phase, or both. |f we divide the devel opnent
testing programinto its mjor phases and join by a smoth curve the proposed
reliability values for the systemat the end of these test phases , the re-
sulting curve represents the overall pattern for reliability growmh. This is
called the idealized reliability gromh curve. The idealized curve is very
useful in quantifying the overall developnent effort and serves as a sig-
nificant tool in the planning of reliability growth,.

Pl anned G owt h

The planning of reliability growth is acconplished early in the devel opment
program before hard reliability data are obtained, and is typically a joint

effort between the program manager and the contractor. |ts purpose is to give
a realistic and detailed indication of how systemreliability enhancement is
planned to grow during devel opnent. Reliability growth planning addresses

program schedul es, testing resources and the test exposure levels. The ob-
jective of growh planning is to determ ne the nunber and |length of distinct
test phases, whether design nodifications will be incorporated during or
bet ween distinct test phases and the increases in reliability to ensure that
the achieved reliability remains within sight of the idealized growh val ues.

G owt h Tracking

The primary objective in tracking reliability growth is to obtain denonstrated
reliability values at the end of each test phase. The denonstrated reli-
ability is usually determned by one of two methods. The first and preferred
method is reliability growth analysis. However, should the data not |end
thenselves to this type of analysis, then the second nmethod, an engineering
anal ysis, should be used. Reliability growh analysis is useful for conbining
test data to obtain a denonstrated estinmate in the presence of changi ng con-
figurations wthin a given test phase. Engineering analysis is enployed when
the reliability growth analysis procedure is inappropriate. W do not address
engineering analysis in this text.

| DEALI ZED GROMH CURVE DEVELOPMENT

The first step in planning reliability growth is the devel opnment of an
| deal i zed growth curve. The devel opnment of this curve is based on the fol-
| owing three paranmeters :

1z | ength of initial test phase.

M, = average MIBF over the first test phase, t

o

X
a parameter which addresses the rate of growh.
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The idealized curve, illustrated in Figure 9-1, is a graph of the function
Mt) where:

‘ In the interval (K;fﬁ_
Mt) = and

MI(t/tl)a(l-d)—l In the interval t>t1. (9.1)

FIGURE 9-| IDEALIZED GROWTH CURVE
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The idealized growth curve devel opment procedure starts wth the determ nation
of the initial test phase |ength (tl) and the average MIBF over the initial

test phase (M) . There is no exact procedure for determning values of these
par anet ers. The initial test phase length (t1 ) may be determ ned through a
joint effort of both the contractor and the program nmanager. Per haps an
initial test has already been perforned, in which case both t and MI are
known. |f this is not the case, then the determ nation of a value for MI
would in all likelihood require the expertise of individuals famliar wth

present day capabilities of the actual systemin question or other simlar
systems.  The paraneter, MI’ should be a realistic estimate of what the sys-

tenis average MIBF will be during the initial test phase, i.e. , before any

significant design weaknesses can be detected and nodifications devel oped,
| mpl emented and tested.

The parameter « represents the rate of growm h necessary to achieve an MIBF of
M (the contractually specified value) after a total of T hours of testing.
The specified val ue MF represents the user's desired capability and is deter-

m ned by neans of extensive battlefield as well as logistics analyses. The

9-3



total anount of testing T is a value which is determned through a joint con-
tractor and program manager effort and is based upon considerations of cal -
endar time and number of prototypes available in addition to cost constraints.
For fixed val ues of tys» ¢+ T, and Mg, the val ue for a is calculated alge-

braically v solving the equation
Mg = MI(T/tl) (1-a) = . (:2)

There is no closed form solution for « in equation 9.2. However, an approxi-
mation for a is given bel ow

@ = log (t,/T)-1 + {(log (T/t)+)* + 21og, (/M )} (9.3)

This is a reasonably good approximation when a is smaller than 0. 4. The
approximation will always be on the high side but within tw deci mal places
for values of o less than 0. 3. Prograns which require a growth rate (a)
greater than 0.3 should be viewed sonewhat skeptically and those which require
an a greater than 0.4 are far too anbitious to be realistic.

PLANNED GROMH CURVE DEVEL GPVENT

Once the idealized curve has been constructed, it is used as a basis for
devel opi ng a planned growth curve. The planned growth curve displays, in
graphic terns, how the producer plans by stages to achieve the required fina

MIBF . The curve is divided into portions which represent the different test
phases. The entire curve indicates graphically where in the devel opnent
programreliability is expected to grow, and where it is expected to remain
constant.  The curve depicts increases in reliability resulting from design
| nprovenents. At any given tinme during devel opnent testing, the planned
growth curve value can be higher than, lower than, or equal to the idealized
grow h curve value. The idealized curve serves as a guide for the preparation
of the planned curve. At no tine in the planning of reliability growh shoul d
t he separation between values on the curve be |arge. If this is the case,

then unquestionably the re is sonme point during devel opment where an un-
realistic jump in reliability is expected to occur.

As we nmentioned earlier, the planned growth curve should graphically display
how reliability is expected to grow. Gowh, of course, will generally occur
as a result of incorporating design nodifications. These nodifications may be
incorporated during the test phase, resulting in a snooth gradual inprovenent
in reliability, or at the end of the test phase, resulting in a junp in reli’
ability fromthe end of one test phase to the beginning of the subsequent test

phase. In Figure 9-2, we present a planned growth curve which illustrates the
effect on reliability of design inprovenents incorporated during, and at the
conpletion of, the various test phases. Note that the rate of growh is

gradual | y decreasing as the system matures.

The portion of the planned growth curve between tine zero and t s identical
to the idealized growh curve.



FIGURE 9-2 PLANNED GROWTH CURVE
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Del ayed fixes are incorporated after each of the first three test phases.
During all of test phase 2 and early in test phase 3, fixes are incorporated.
Fi xes are incorporated during the final test phase, and the MIBF grows to the
required specified val ue. It is not a good practice to allow for a junp in
reliability at the end of the final test phase even though fixes may be in-
corporated. The reason is that there is no test tine available to determne
the inpact of these fixes.

The planned growth curve is an indication of how the required MIBF m ght be
achieved and is devel oped by using the idealized curve as a guide.

Figure 9-3 illustrates the graphical relationship between the planned grow h
curve and the corresponding idealized curve. A point on the planned curve at
any given time in the programrepresents the level of reliability to be
achieved at that tine.

9-5



FIGURE 9-3 EXAMPLE OF A PLANNED GROWTH CURVE AND
CORRESPONDING IDEALIZED CURVE
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RELI ABI LI TY GROMH TRACKI NG

The objectives of growth tracking include:

- Determining if growh is occurring and to what degree,

- Estimating the present reliability, and

- Formulating a projection of the reliability expected at sone future
time.

The methods discussed in this section are directed toward reliability growh
tracking using a mathematical nodel. Parameters of the nodel are estimated
usi ng data which have been accunul ated during a given test phase. Using this
nodel and the paraneter estimtes, we can determ ne present and projected
reliability values. The present value represents the reliability inherent in
the existing configuration. A projected value represents the reliability of
the system expected at sone future time. Projected values take into account
the effect of design inprovenents intended to correct observed failure nodes
or failure nodes which further testing will surface. Cenerally growth track-
ing analysis is performed at the end of a major test phase.
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The mat henmatical nodel we shall use for growth tracking describes the failure

rate as a function of time. The value r(t) denotes the failure rate of the
systemafter t units of testing, and

r(t) = APl (9. 4)

where A and B are paraneters of the nodel which determ ne the scale and the

shape of the curve. The reciprocal of r(t) is the MIBF of the systemafter t
units of testing. W fit the nodel to the actual test data using maxi num

| i kel ihood estimates for A and B. (See Chapter 6 for a discussion of maxi mum
| i kel i hood estimtes. )

When actual failure tines (tl’tZ" oo tN) are known and the test phase is
time truncated, i.e. , at time T, the estinate for Bis

~ N
B = N

NlogeT- 2 logeti (9.5)

1=1

The estimate for Ais
A= NT. (9. 6)

Wien the test phase is failure truncated, i.e. , at time t, the estimates are

N
N-1
(N-l)logetN-— p1 logeti (9.7)

1=1

and

X — N/TB . (9.8)
In either case, the estinmate of r(t) is

2(t) = ApePL (9.9)

The reciprocal of r(t) is the estimate of the MIBF of the systemafter a test
period of length t, that is

» _ 1

MV = 1o

Confidence limts for MIBF may be determ ned by multiplying point estimtes of
MIBF by the nultipliers found in Table 9 of Appendix B.

Wen actual failure tines are not known, the calculation of naximumlikelihood
estimates requires a conplicated iterative procedure which can only be
achi eved using a conputer algorithm In addition, the estimates are not as
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accurate as they would be if actual failure tines are known and used. It is
i nportant then to collect the actual failure tines (in total test tine) during
devel opnent testing. See Chapter 10 for nore information on this topic.

In Case Studies 9-1 and 9-2, we denonstrate the procedures for preparing
| deal i zed and pl anned growm h curves and for tracking reliability grow h,
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CASE STUDY NO 9-1

Backgr ound

A new helicopter system has been proposed. It is required to have a Mean Tine
bet ween M ssion Failure (MIBMF) of 50 hours. Past experience has shown t hat
an average MTBMF of 20 hours can be expected during the initial test phase.
Four test phases are planned, and the manufacturer intends to use test-
anal yze-fix-test (TAFT) during all but the final test phases. Delayed fixes
will be incorporated at the end of all but the final test phase.

Det erm ne

1. Construct the idealized curve for the program when the initial test phase
is 100, 200, 300 hours, and the total test time is 1000 hours.

2. Construct an idealized curve and a planned growth curve when the total
test tinme is 2000 hours, and the four test phases are of equal |ength.

Sol utions

la. t, = 100 T =1,000

g = 2 s )

i Solve for a in the nodel, using the approximation 9.3
@ = log_(100/1000)-1 + {(loge(1000/100)+1)2

+ 210ge(50/20)}1/2

= 0. 267

ii. Determne points on the curve using equation 9.1

M(e) = M (e/e %)

t Mt)
<100 20
100 27
300 36
500 42
700 46
900 49
1000 50
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111. Sketch the curve.

50 prm—
40 —
.
2 30 —
—
=
20 p=————m
10—
| I I |
100 300 500 700 900 1000
HOURS
| b. t, = 200 T = 1000
= My = 50

Sol ve for «o
o = log_(200/1000)-1 + {(log_(1000/200)+1)"

+ 21(:oge(50/20)}1/2

= 0.33

ii. Determne points on the curve, using equation 9.1

L Mt)
<200 20
200 30
400 37
600 43
800 47
1000 50

9-10



lii. Sketch the curve.
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i Sol ve for o

@ = 10g, (300/1000)-1 + {(loge(1000/300)+1)2

+ .’Zloge(SO/IZO)}U2

= 0.38

ii. Determne points on the curve, using equation 9.1

t Mt)
<300 20
300 32
500 39
700 44
900 49
1000 50
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lii. Sketch the curve
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i . Solve f or

ii. Determne points on the idealized curve,
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i1i. Sketch the idealized curve and superinpose a planned growth curve.

PHASE | PHASE 2 PHASE 3 | PHASE 4 l
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|
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30

20

500 | 000 1500 2000
HOURS

Comment ary

1. Note, for the solution to question 1, how the length of the initial test
phase (tl) affects the growth parameter a. The a of 0.38 in part c. nmay even
be too ambitious. The initial test phase length Uﬁ) shoul d, however, be |ong

enough so that the average MIBF of MI I S achi evabl e.

2. Note that, at various tinmes during the test, the planned growth curve
ei ther exceeds or falls below the idealized curve. The relatively |ow val ues
of the planned curve toward, and at the end of, the second test phase may be
cause for some concern. Some fairly substantial increases in reliability are
required during the third test phase to get the program back on track.
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CASE STUDY NO. 9-2

Background

For the system proposed in Case Study No. 9-1, the data fromthe final test
phase have been collected. The failure times as nmeasured in total test hours
are {12, 70, 105, 141, 172, 191, 245, 300, 340, 410, 490}.

Det er m ne

1 Cal cul ate the MTBMF of the systemat the end of the final test phase.

2. Calculate a 90% lower Iimt on the system MIBMF.

Sol ution
la. |If we assume no growth during this test phase, the estimted MIBMF js
the ratio of the total tine to the nunber of failures . This value is 500/11

or 45.4 hours.

| b. |f fixes are being incorporated during this test phase as suggested in
t he background for Case Study No. 9-1, then a reliability growth analysis is
more appropriate than one based upon the assunption of no growh, as in |a.
I Maxi mum | i kel i hood estimate for B is
B~ 11/{((11) log 500) = (I oge 12+log 70+log 105 +log 141+
logel72+1ogel91+ 1og8245+1oge300+ 1og8340+log8410+ 1og8490)}
B = 0.89
ii.  Maximum |ikelihood estimate for A is

A= 11 = 0.044

soe) .82

iii. Estimated MIBMF after final test phase

r(500) = 0.0198, and the estimated MIBMF is the reciprocal of
r(500), which is 50.6 hours.

2. Usi ng Appendix B, Table 9,. for a time termnated test, we find the | ower

90% confidence limt multiplier for 11 failures to be 0.565. The |ower limit
IS

0 > 0p
> (0.565)8

> (0. 565) (50. 6)
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> 28.6.

We are 90% confident that the true MIBMF is at | east 28.6 hours.

Comment ary

The estimated MTBMF assuming no growth is 45.4 hours. (See |a. above.) Note
that this estimate was conputed using the nunber of failures and does not take
into account the actual failure times. It cannot show that the tines between
successive failures seemto be increasing. |f fixes are being incorporated
during the test, then the reliability growh analysis is nore appropriate-
Wth this analysis, the estimated MIBMF is 50.6 hours. The type of analysis

used, however, should not be determned by the data but rather by a realistic
assessnent of the test program
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